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ABSTRACT
The double nucleus geometry of M31 is currently best explained by the eccentric disk hypothesis of
Tremaine, but whether the eccentric disk resulted from the tidal disruption of an inbounding star cluster
by a nuclear black hole, or by an m = 1 perturbation of a native nuclear disk, remains debatable. I
perform detailed 2-D decomposition of the M31 double nucleus in the Hubble Space Telescope V -band to
study the bulge structure and to address competing formation scenarios of the eccentric disk. I deblend
the double nucleus (P1 and P2) and the bulge simultaneously using five Se´rsic and one Nuker components.
P1 and P2 appear to be embedded inside an intermediate component (re = 3.
′′2) that is nearly spherical
(q = 0.97± 0.02), while the main galaxy bulge is more elliptical (q = 0.81± 0.01). The spherical bulge
mass (2.8 × 107M⊙), being coincident with the supermassive black hole mass (3 × 107M⊙), conjoined
with a shallow bulge cusp, are consistent with the scenario that the bulge was scoured by spiraling binary
supermassive black holes. In the 2-D decomposition, the bulge is consistent with being centered near
the UV peak of P2, but the exact position is difficult to pinpoint because of dust in the bulge. P1 and
P2 are comparable in mass. Within a radius r = 1′′ of P2, the relative mass fraction of the nuclear
components is M• : Mbulge : P1 : P2 = 4.3 : 1.2 : 1 : 0.7, assuming the luminous components have a
common mass-to-light ratio of 5.7. The eccentric disk as a whole (P1+P2) is massive,M ≈ 2.1×107M⊙,
comparable to the black hole and the local bulge mass. As such, the eccentric disk could not have been
formed entirely out of stars that were stripped from an inbounding star cluster. Hence, the more favored
scenario is that of a disk formed in situ by an m = 1 perturbation, caused possibly by the passing of a
giant molecular cloud, or the passing/accretion of a small globular cluster.
Subject headings: fundamental parameters – technique: photometry – galaxies: structure, nucleus –
individual: M31
1. introduction
M31 is the nearest galaxy with a normal bulge where
there is good evidence for the existence of a supermassive
black hole (SBH) of M• ≈ 3 × 107M⊙ (e.g. Kormendy
& Bender 1999; Kormendy 1987; Dressler & Richstone
1988; Richstone, Bower, & Dressler 1990). Early Strato-
sphere II balloon observations (Light et al. 1974) saw that
M31 appeared to have a dense nucleus embedded on top a
galaxy bulge. Nieto et al. (1986) showed that the nucleus
was off centered slightly from the bulge and asymmetric,
which was hinted at in Light et al. (1974). It was not
until HST (Hubble Space Telescope) WFPC (Wide Field
and Planetary Camera) and FOC (Faint Object Camera)
observations, that the nucleus was resolved into double
components (Lauer et al. 1993 [L93]; King, Stanford, &
Crane 1995 [K95]; Lauer et al. 1998 [L98]).
Figure 1 shows a grey scale V -band (F555W ) image of
the nucleus from HST WFPC2 in V , which was decon-
volved and kindly provided by T. Lauer (see L98). The
brighter of the double peak in the V -filter is designated
as P1, and it is separated from the fainter P2 by 0.′′49, or
1.8 pc (L93). In the far-UV, however, K95 discover that
P2 is actually more luminous than P1. There is a strik-
ing UV peak (upturn) on top of P2 which stands apart in
color from both P2 and P1. In literature, P2 is synony-
mous with the UV peak, but here I make the distinction
because the peak is not centered on P2, as shown later. In
the infrared, the contrast between the two nucleus is not
quite as strong as in the optical, and the peak seen in UV-
light all but disappears, either because it is intrinsically
faint or is smeared away by the PSF (Corbin, O’Neil, &
Rieke 2001). Dust is ruled out as being the cause for the
appearance and asymmetry of the double nucleus based
on color images of the optical, far-UV, and near-infrared
H-K (Corbin, O’Neil, & Rieke 2001; Mould et al. 1989),
as well as a two-dimensional decomposition by K95, who
impose the assumption that both P1 and P2 components
are smooth.
Despite the prominence of P1 in optical images, L93 and
L98 show that it is the UV peak which corresponds more
closely to the center of the galaxy bulge, using isopho-
tal centroids. They also suggest it is the location of the
SBH. From rotation curves, Kormendy & Bender (1999
[KB99]), Bacon et al. (2001 [BA01]), and Statler et al.
(1999 [S99]) find that the UV peak of P2 also lies close
to the dynamical center. The most precise measurements
put the zero-velocity center at 0.′′051± 0.′′014 (KB99) and
0.′′031 (BA01) from the UV peak of P2, in the direction
of P1. However, the peak of the velocity dispersion is 0.′′2
from P2, away from P1 (KB99, BA01). KB99 locate the
SBH near the center of the UV peak.
K95 speculate that the strong UV peak may be due to a
non-thermal, low-level, active galactic nucleus (AGN), co-
incident with X-ray and radio emissions, but acknowledge
it is unclear whether it is truly resolved in pre-COSTAR
1 Based on observations with the NASA/ESA Hubble Space Telescope, obtained at the Space Telescope Science Institute, which is operated by
AURA, Inc., under NASA contract NAS 5-26555.
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2HST images. Moreover, it has the energy output of only
a single post asymptotic giant star (K95). L98 find that
the UV peak is resolved by HST WFPC2, leading them to
hypothesize that the bluish color may not be an AGN, but
instead is caused by a population of late B to early A-type
stars in a cluster, possibly in a region with high metallicity
abundance (e.g. Burstein et al. 1988, and K95). Forming
such a cluster may be difficult, however, because of the
tidal influence of a nearby 3 × 107M⊙ black hole. The
AGN speculation about the UV peak has not been clar-
ified despite Chandra observations. Garcia et al. (2000)
discover X-ray emission in proximity to P2 with an un-
usual spectrum indicating possible relation to an active
nucleus. The error circle, however, is 1′′(twice the sepa-
ration between P1 and P2), and is not alone – there are
a number of other X-ray sources farther away around the
bulge. If the UV peak is in fact AGN related, it is cu-
rious that it does not have a counterpart in the near-IR
where the emissions are often seen more clearly than in
the optical due to a typical rise in the AGN spectrum and
diminished extinction (Quillen et al. 2001).
Several empirical evidences indicate that the nucleus
and the bulge have a different formation history. Within
0.′′4×0.′′4 of P1, L98 show that the color is redder in V − I
(= 1.41) than the surrounding bulge (V −I = 1.34). But in
U −V , P1 (=2.29) and its anti-P2 direction (U −V=2.18)
appear to be bluer than the bulge (U − V=2.39). This
is in contrast to BA01 who find both P1 and anti-P2
to also be redder. Nonetheless, both their findings indi-
cate that the nucleus has a stellar population, metallicity,
and perhaps origins, different from that of stars in the
bulge. Sil’chenko, Burenkov, & Vlasyuk (1998 [SBV98])
show that the nucleus is more metal rich than the sur-
rounding. In the two regions, the spectral indices differ
by, ∆Mgb = 0.86 ± 0.1 and ∆ 〈Fe〉 = 0.53 ± 0.08. KB99
confirm that P1 and P2 have a similar stellar population,
have higher metal line strengths, and are more similar to
each other than to the bulge or to any globular cluster.
SBV98 also use [Hβ/ 〈Fe〉] to show that stars in the nu-
cleus are younger by roughly . 8 Gyrs.
The compactness of the P1 and P2 peaks is particularly
interesting and challenging to explain from the standpoint
of galaxy formation and dynamical evolution. KB99 de-
termine the combined mass of the double nucleus to be
Mnuc ≃ 3.5×107M⊙, comparable to the mass of the SBH.
That such a configuration exists at all with such close sep-
aration (1.7 pc) is surprising, and a natural interpretation
is that P1 is either a merger remnant or a captured star
cluster. Emsellem & Combes (1997) model this scenario
with N-body simulations in a SBH potential and find that,
although they can reproduce the geometry, the lifetime is
on the order of 0.5 Myr. If the cluster is massive enough to
survive disruption, in most cases, dynamical friction would
cause P1 to spiral in and coalesce with P2 within several
dynamical times, unless somehow P1 co-rotates with the
bulge (K95). Although the short life span of an accreting
scenario is not in itself conclusive proof, the discovery of
other similar such systems (e.g. NGC 4486B, Lauer et al.
1996) favors a scenario which has a much longer lifespan.
Moreover, S99 find that the sinking star cluster of Em-
sellem & Combes (1997) model does not reproduce either
the rotation curve or the dispersion profile.
Tremaine (1995) proposes an eccentric disk model to ex-
plain the nuclear configuration which currently stands as
the favorite model. The thick eccentric disk, nearly Kep-
lerian, is composed of stars in ring orbits around a black
hole, and P1 is caused by a bottleneck of stars slowing
down at the turnaround radius (apocenter). This model
also predicts that the velocity center is displaced by ∼ 0.′′2
from P2 in the direction of P1. Moreover, it predicts that
the stars in P1 and P2 should have a similar stellar pop-
ulation because they belong to the same system, which
might not be the case if P1 is a merger remnant. With
spectroscopic data, KB99 show that the shift of the rota-
tion center is in the right sense of the prediction, even if
the amount is somewhat lower than prediction. Moreover,
P1 and P2 have more similar stellar populations to each
other than to the bulge in accord with the model pre-
diction. However, the missing element in the Tremaine
model is an explanation for how the ring orbits main-
tain alignment under precession: the original model has
no self gravity. Since then, several workers have proposed
enhancements. Among them, Salow & Statler (2001) pro-
pose a semi-analytic eccentric disk with self-gravity around
a black hole, where the disk is made up of a superposing
set of Keplerian orbits dispersed in eccentricity and ori-
entation according to a certain distribution function. It
predicts that the line-of-sight velocity distributions of the
disk near the black hole should have a distinctive double
peak, which provides a further observational constraint to
test the eccentric disk model. Using a different formalism,
with integrable models, Jalai & Rafiee (2001) show that
the double nucleus geometry can be sustained with four
general types of regular orbits in a Sta¨ckel potential, even
in the absence of a SBH. However, the requirement that
the nuclei be cuspy, with surface density Σ ∝ r−2 is a strin-
gent requirement, and is not seen in M31. Furthermore, it
is not clear why the nucleus would be asymmetric.
Bekki (2000 [BE00]), BA01, and Sambhus & Sridhar
(2001 [SS01]), propose scenarios for how such an eccen-
tric disk might be formed and sustained under precession
with self-gravity. In BE00 N-body simulation, an inward
bound 106M⊙ star cluster is completely disrupted by the
tidal shear of a 107M⊙ black hole, consequently forming
a thick, eccentric, stellar system. The alternative sce-
nario by BA01 involves a circular disk, already present
in the bulge, that gets excited into an eccentric disk by a
natural m = 1 perturbation. The excitation may either
be caused by a passing giant molecular cloud or globu-
lar cluster, which can induce the lopsidedness in the disk
(seen in Fig. 1) that persists for 7 × 107 years in their
simulations. However, for the non-axisymmetric waves to
develop, the disk needs to be thin. They furthered con-
sidered a model in which a black hole was shifted from
the center of the potential, and another where its velocity
was perturbed. Too many particles escaped in the sim-
ulations for them to be viable. The model proposed by
Sambhus & Sridhar (2001) extends Tremaine’s (1995) ec-
centric disk to simulate a larger disk mass (2 × 107M⊙)
which involves a shredding of 105M⊙ globular cluster near
the vicinity of the SBH. Subsequently, the cluster stars
merge into a pre-existing disk of few 107M⊙, orbiting the
central black hole on both prograde and retrograde, quasi-
periodic, loop orbits. The m = 1 instability which causes
3the large eccentricity is induced by resonant response to
the counter-rotating orbits. In this model, lopsidedness of
the eccentric disk geometry is created in response to the
presence of retrograde orbits. All three models roughly
reproduce the double nucleus geometry and the dynamics,
such as the offset in the velocity dispersion profile from
P2 by ≈ 0.′′2, to varying degrees of accuracy. However,
one important difference between BE00 and BA01 + SS01
scenarios is that the BE00 model requires the stellar clus-
ter be much less massive than (. 10%) the black hole so
that it can be disrupted. By contrast, the BA01 and SS01
models are constructed to have a much larger disk, about
20%− 40% of the total central mass concentration. These
two scenarios can be directly tested if a mass estimate of
the disk can be robustly measured, and the uncertainty
can be quantified. The ambiguity in the bulge decomposi-
tion is reflected in the available photometry of P1, which
can significantly differ in brightness from different studies.
Furthermore, thus far it is not clear how much of P2 is
part of the bulge or the eccentric disk.
In addition to the eccentric disk, the bulge structure of
M31 and how it fits into the developing picture of galaxy
formation are interesting on their own merits. However,
their studies have been complicated by the double nucleus.
The steepness of galaxy nuclei and correlations with other
structural parameters (e.g. Faber et al. 1997) reflect the
manner by which bulges are formed. Numerical simula-
tions show that black hole mergers can flatten galaxy cores
by ejecting stars from the center (e.g. Ebisuzaki, Makino,
& Okumura 1991; Nakano & Makino 1999; and Milosavl-
jevic´ & Merritt 2001). This scenario appears promising for
explaining the correlation found between large bulges and
low central surface brightness. In this paper, I study the
detailed properties of the M31 bulge by decomposing op-
tical images to provide new structural parameters. With
detailed decomposition one can address the following is-
sues: Are there subtle structures in the bulge that are not
obvious in full light? What are the relative contributions
of the bulge, P1, and P2 components? What are their
shapes? What is the bulge profile and how sharply is it
peaked? Finally, I discuss what the new photometry of P1
and P2 reveal about the two competing scenarios that ex-
plain the formation of the eccentric disk. Although some
of these questions can be addressed from other data in
previous studies, this new analysis provides a unique look
at the double nucleus based on a more flexible range of
assumptions than foregoing studies.
In the sections to follow, Section 2 discusses the data,
Section 3 briefly describes the analysis algorithm used to
deblend the bulge. Section 4 discusses the decomposition,
followed by the environment of the bulge in Section 5.
Section 6 compares the eccentric disk formation models.
Conclusions follow in Section 7.
Throughout the discussion I assume that the distance
to M31 is D = 770 kpc, following KB99. I also assume
that the Galactic extinction is Av = 0.24 (Burstein &
Heiles 1984), which is similar to Av = 0.21 determined by
Schlegel et al. (1998). Kormendy (1988) and KB99 dy-
namical models also suggest that M/L ≈ 5.7 for the bulge
stars. This is similar to star formation models of Bell & de
Jong (2001), from which one can derive M/L ≈ 6 based
on the V − I color of the bulge.
2. data
I obtain V -band (≈ F555W ) data (GO 5236, Westphal)
from the HST archive, as well as the deconvolved version
from T. Lauer. The two sets of images are used for differ-
ent purposes. The deconvolved version has been trimmed
to a smaller field of view (FOV) of 11.′′8′′ × 11.′′8. While
ideal for studying the nucleus, there is not enough realty
for measuring the bulge profile and its shape. Therefore I
also create a mosaic image with a FOV of 150′′×150′′, with
a missing echelon in the Planetary Camera (PC) quadrant.
The net exposure time is 300s, which has sufficiently high
signal-to-noise (S/N) to measure the bulge profile. In ad-
dition to the deconvolved and mosaic images, I create a
dithered image of the PC chip (FOV = 35′′ × 35′′) by
combining four exposures of 300 second images. This will
be used later for comparisons with the deconvolved image.
3. technique
3.1. Algorithm
I use a general galaxy fitting program called GALFIT
to do the 2-D decomposition. Detailed information on the
software and how it is implemented are found in a com-
panion paper by Peng, Ho, Impey, & Rix (2002), but here
I describe it briefly. One of the design capabilities of GAL-
FIT is to accurately decompose nearby galaxies that are
highly resolved to study them closely and uncover or ex-
tract galaxy sub-structures, such as nuclear disks, bars,
and double nuclei. To be highly flexible, GALFIT allows
simultaneous fitting of standard function types such as
Se´rsic (1968), Gaussian, exponential, and Nuker. The pro-
gram has the option to either convolve the models with the
PSF to simulate the seeing, or not convolve if the image
has already been deconvolved. The number of components
to fit is not limited a priori. GALFIT minimizes χ2 residu-
als using a down-hill gradient/parabolic expansion method
called Levenberg-Marquardt (Press et al. 1997) by itera-
tively creating model images, convolving them with the
PSF, and subtracting them from the data. Even though
the gradient method is not as “smart” as alternative Simu-
lated Annealing or Metropolis algorithms, it has the virtue
of being fast. As an example, fitting 6 components with
41 free parameters over the entire 400 × 400 pixel image,
while doing convolution, takes roughly one minute per it-
eration on a Pentium 450 MHz computer, and converges
in 30 − 50 iterations. Speed is desirable because the χ2
topology of the fit is complex; to adequately explore it
and find an optimal fit thus requires testing various model
combinations and initial parameters.
The merit function to minimize is the χ2, or in normal-
ized form, χ2ν = χ
2/Ndof , defined as:
χ2ν =
1
Ndof
nx∑
x=1
ny∑
y=1
(fluxx,y −modelx,y)2
σ2x,y
. (1)
where σx,y is the uncertainty, or weight, at each pixel; Ndof
is the degree of freedom; nx and ny are the dimensions of
the image in x and y direction. Modelx,y is the sum of all
the model components fitted.
Traditionally, 2-D models use purely elliptical azimuthal
shapes, but most galaxies are somewhat disky or boxy de-
pending on whether they are more rotationally or pressure
4supported, respectively. GALFIT can fit them by replac-
ing the ellipses with a shape of,
r =
(
|x|c+2 +
∣∣∣∣yq
∣∣∣∣
c+2
) 1
c+2
, (2)
which can be rotated to any position angle (PA). The com-
ponent shape is boxy if c > 0, disky if c < 0, and pure el-
lipse when c = 0. This azimuthal function was motivated
originally by Athanassoula et al. (1990) to characterize
the shapes of galaxy bars. The parameter q is the axis
ratio of each component.
In the radial direction, the 1-D Se´rsic light profile is
defined as,
Σ(r) = Σe exp
−κ[( rre )
1/n
−1] (3)
where re is the effective radius of the galaxy, Σe is the
surface brightness at re, n is the power-law index, and κ
is coupled to n such that half of the total flux is within re.
The original de Vaucouleurs (1948) profile is the special
case with n = 4 and κ = 7.67. The usefulness of the Se´rsic
function is that it can fit a continuum of profiles ranging
from a Gaussian, to exponential, to a de Vaucouleurs, by
smoothly varying the exponent: n = 0.5 for a Gaussian,
n = 1 for an exponential disk, and n = 4 for de Vau-
couleurs. In GALFIT, the flux parameter that is fitted is
the total magnitude, instead of Σe. The translation be-
tween the total magnitude of a component and Σe is given
in Peng et al. (2002).
Bulges that are modeled with the Se´rsic profile have flat
cores, but most galaxies have profile rise that extend into
the resolution limit (e.g. Lauer et al. 1995, Carollo et al.
1997, Rest et al. 2001, and Ravindranath et al 2001). A
function which can describe many double power-law and
core type galaxy bulges in 1-D was introduced by Lauer
et al. (1995), known as the Nuker law:
I(r) = Ib 2
β−γ
α
(
r
rb
)−γ [
1 +
(
r
rb
)α] γ−βα
(4)
There are five adjustable profile shape parameters:
Ib, rb, α, β, and γ. Taken to the limits of large and small
radii, the parameter γ is the slope of the inner power law,
and β is the slope of the outer power law. The break radius
rb is the location where the profile changes slope, Ib is the
surface brightness at rb, and α describes how sharply the
two power laws connect. GALFIT fits the surface bright-
ness magnitude µb instead of the intensity Ib. I generalize
this profile to 2-D, hence there are 5 additional parame-
ters: xcent, ycent, q, PA, and c.
To account for the PSF seeing when fitting models to the
dithered image, GALFIT convolves a doubly oversampled
PSF, created using Tiny Tim (Krist & Hook 1997), with
the models. The Tiny Tim software can reproduce the
core of WFPC2 PSFs well, even if the diffraction spikes
are harder to reproduce. For convolution purposes this
should suffice. Later in the paper, I will compare these
results with fits to the deconvolved image of L98.
3.2. Noise Image and Parameter Uncertainty Estimates
Locally, the bigger of the two contributors to the root-
mean-square (RMS) fluctuation of the data image is the
surface brightness fluctuations (SBF) of star clusters re-
solved by the HST, rather than the Poisson noise. Un-
like Poisson noise where the noise-to-signal ratio decreases
as
√
time, the ratio of the SBF noise to the galaxy back-
ground asymptotically approaches a constant value. Thus,
in this regime, the derived uncertainties in the fitting pa-
rameters remains constant with increasing exposure time.
Moreover, while the Poisson noise correlates on scale of
. 1 pixel in the dithered image, the SBF noise correlates
on scales of a few pixels. To get realistic error bars from
model fits thus requires having a reasonable estimate of the
pixel weights, σx,y, that account for the SBF in a steeply
rising galaxy bulge.
A Poisson map of the image bears an imprint of the SBF
variance because the same star clusters that produce the
Poisson signal are responsible for the SBF. I assume that
the SBF RMS can be approximated by a scaling of the
Poisson noise. To do so, I compute the ratio of the total
RMS to the Poisson noise in 30× 30 pixel boxes sampled
randomly around the bulge in the dithered image. Then,
multiplying this factor (1.9) to the Poisson map of the im-
age, I obtain an approximate SBF noise image to use as
pixel weights. The exact scale factor does not affect the
estimated uncertainties because they are renormalized by√
χ2ν (see below). This scale factor appears reasonable,
and for visually good fits, χ2ν comes out close to unity.
It is worth noting that the intrinsic galaxy SBF ampli-
tude is higher than in the observed image because of PSF
convolution. Moreover, because the SBFs are spatially re-
solved, PSF smearing correlates the SBF noise so that the
pixels are not statistically independent. However, in scal-
ing the pixel weights as described, the PSF correlation of
the SBF is implicitly taken into account in the χ2ν statis-
tics. To first order, the PSF smearing effectively reduces
the Ndof in the observed image by a factor C. This factor
is C ∼ varint/varobs, where varint is the intrinsic variance
(i.e. without PSF filtering) and varobs the observed vari-
ance (i.e. PSF-filtered). Furthermore, the effective pixel
weights σ2x,y have the same factor C, which cancels out of
Equation [1] in calculating χ2ν .
Once GALFIT converges on a solution, it estimates the
fitting uncertainties by using the covariance matrix of the
parameters. For a more detailed discussion, see Peng et
al. (2002), but here I give a brief description. Since χ2 is a
function of the fitting parameters, the surface of constant
∆χ2 centered around the best fit χ2min can be roughly ap-
proximated as an n-dimensional ellipsoid, where n is the
number of free parameters in the fit. Defined as the local
χ2 curvature with respect to all pairs of parameter com-
binations ai and aj , i.e. d
2χ2/(dai daj), the covariance
matrix of the fit provides a handle on the correlation be-
tween parameters. To estimate parameter uncertainties
accounting for correlation, I consider an ellipsoid which
encloses a region up to ∆χ2 = 1, which is the 68% confi-
dence region for a single degree of freedom. The ellipsoid
semi-major axes and their lengths are calculated from the
eigenvectors and eigenvalues of the covariance matrix. I
determine the uncertainty σai for parameter ai by pro-
jecting the vector sum of all the major axes vectors onto
the unit coordinate axis aˆi. In cases when the fit does not
5produce a reduced χ2ν ≈ 1, I also scale the uncertainties
by
√
χ2ν to avoid under-estimating them. Strictly speak-
ing, while this method of estimating uncertainties is fair,
it may produce uncertainties that are equal to or greater
than the true uncertainties. This over-estimate is probably
not a serious concern because, ultimately, the limitation is
that we do not know how well the local χ2 topology may
be represented by an ellipse. Furthermore, the parameter
values may not be normally distributed around the mean.
In the discussions to follow, I quote χ2ν and parameter
values based on fits to dithered images rather than decon-
volved images. Although the image of M31, with a very
high S/N, has been deconvolved accurately, the process
introduces an additional correlation by the PSF, which
is hard to interpret in the presence of SBF. In compari-
son, the noise property of the unrestored image is easier
to interpret. While the signal in individual, unrestored,
images are correlated by the PSF from pixel to pixel, the
Poisson noise is uncorrelated. Combining dithered images
introduces at most a sub-pixel correlation which is small
compared to the SBF. The correlation in the signal is ac-
counted for in the fitting process by convolving the models
with the PSF.
4. decomposition
My attempt at decomposing the double nucleus is not
the first of its kind, but is motivated by previous studies
of L93, K95, and BA01, who perform 2-D image decom-
position using iterative techniques. K95 fit the U -band
image by first subtracting a smooth model of P2 from
the data. Then, fitting isophotes to P1 and obtaining
a smooth model, they use it to get a better estimate of
P2. The process is then repeated. BA01 decompose the
WFPC2 I-band image by assuming the bulge can be fitted
by three Gaussians after masking out the central 2′′ of the
image. In so doing, there is an implicit assumption that
the galaxy core flattens out. The fit is then applied to V
and U -band images after proper normalization. L93 use a
nonlinear least-squares routine to deblend the nuclear re-
gion simultaneously with two components, assuming that
P2 is indistinguishable from the bulge. Each component is
concentric, with otherwise arbitrary position, brightness,
ellipticity, and position angle.
My procedure is similar to L93 study, but with a more
general set of assumptions: I relax the restriction that P1
and P2 are symmetric, and the number of components
needed to fit them. The steepness of the bulge is a free
parameter.
4.1. Fitting Procedures
4.1.1. General Outline
M31, being an Sb-type galaxy, has a large galactic disk
component that spans 3.5◦ in diameter, with a bulge that
has an effective radius of 4.′5 (KB99). Although the PC
chip has twice the angular resolution to resolve the dou-
ble nucleus compared to the Wide Field chips, the com-
bined WFPC2 mosaic, with ≈ 3.′5 FOV, is better suited
for measuring the large bulge. To take advantage of the
capabilities of both PC and WFPC2, I perform fitting in
two separate steps.
First I fit the bulge with a Nuker profile using the entire
V -band mosaic image. To do so, I mask out the echelon-
shaped region outside the PC, the dust lanes in the mosaic
image, as well as inner 3′′ of the nucleus. Masking the
nucleus does not seriously bias the bulge measurement be-
cause, in the second step, I take the fitted parameters for
the bulge, and optimize it simultaneously along with other
components for the nucleus in the PC chip. In this step
the bulge position and inner slope parameter, γ, can vary
freely, but all other bulge parameters are fixed at their opti-
mal values. All the other nuclear components can change
freely without constraints. The results are discussed in
§ 4.3, and summarized in Table 1. As an independent
check on the decomposition, I perform a similar fit by re-
placing the Nuker bulge with a Se´rsic bulge, presented in
§ 4.4.
I note that even thoughM31 has a large disk component,
using 1-D decomposition, KB99 show that the extrapola-
tion of the disk into the center, and within the WFPC2
FOV, is nearly constant at µV ≈ 20.4 mag/arcsec2. Hence-
forth I adopt this value as a sky level in all fits.
4.1.2. Determining the Number of Components
I determine the number of components to fit iteratively
by starting with the bare-minimum assumption, then in-
crease that number to see how the fit improves χ2. L93
has already found that two components failed to fit the
M31 nucleus. Therefore, my first trial starts with three,
representing P1, P2, and a bulge. For a three component
fit, the χ2ν is 1.57, with Ndof = 1.6 × 105. In compari-
son, an excellent fit to the bulge in the PC image, after
masking out the double nucleus, produces a significantly
lower χ2ν = 1.25. The reason for the bad fit is that P1 is
asymmetric (L93, K95, L98, and BA01), moreover, the UV
peak is not centered on P2 (BA01). This can be gleaned
from Figure 1 where the bright UV peak is displaced to
slightly south-east of P2, and P1 is not purely ellipsoidal.
To model asymmetry, each nucleus requires at least an-
other component nearby, totaling five. I use the Se´rsic
profiles for most components, except for the bulge. For
the bulge, I choose from either a Se´rsic or Nuker compo-
nent.
Fitting five components to just the PC image and not
the mosaic, allowing all parameter to optimize (40-42 pa-
rameters, depending on whether a Se´rsic or Nuker function
is used), one can obtain a good fit with a χ2ν = 1.31. A
closer examination reveals that the dominant component,
i.e. the bulge, in this trial has an axis ratio q = 0.90 with
uncertainty < 0.01. The fit might initially be deemed ac-
ceptable except for the fact that the bulge is noticeably
elliptical in the mosaic image, with an axis ratio q ≈ 0.80,
and the inner nucleus is even more flattened. Therefore, at
an intermediate radius, there must be a round component
that dominates, and has significantly different properties
than the larger scale bulge. I can derive meaningful bulge
parameters from the mosaic image as described previously
in § 4.1.1, and apply it fixed just to the PC image alone,
using five components. Here again, the component with
q ≥ 0.9 reappears at a highly significant level, at the ex-
pense of the UV peak component. Inevitably, in a realiza-
tion using five components, the UV peak is poorly fitted
because it makes up only 0.1%, compared to the round
bulge component, which makes up as much as 16%, of the
flux in the inner few arcseconds. The round q ≥ 0.9 com-
6ponent can in principle be a stellar disk seen face on, but
this is unlikely. It has a half light radius 2.′′4 to 3′′, roughly
five times the double nucleus separation. Hence, from here
on I group this component with that of the bulge, but des-
ignate it as the “spherical” bulge (fifth component in Table
1) to distinguish from the large scale bulge component. I
will return to a more detailed discussion of the spherical
component in Section 4.6.
The best fit, therefore, requires six components, with
χ2ν = 1.30: two for each nucleus, and two bulge-like com-
ponents, to be discussed shortly. To fit P1 and P2, Se´rsic
models do a fine job without having to use a more flexible
Nuker function. Table 1 summarizes the properties of all
the components for two different trials. In the first trial,
I fit the dominant galaxy bulge with a 2-D Nuker model,
and in the second, with a Se´rsic model. I discuss these
two scenarios with more detail independently in § 4.3 and
§ 4.4.
4.2. Uniqueness and Meaning of the Components
To fit the double nucleus accurately I ultimately resort
to fitting the image with six components, with 40-43 free
parameters, which might seem bewilderingly large and ill-
constrained. I emphasize however, that they may not all
be physically distinct components. In particular two com-
ponents are used each for the bulge and P1 because they
are not simple to parameterize. Therefore, it may be more
meaningful to interpret the sum of each pair as a single
component rather than each as separate entities.
With a high number of components, several issues can be
raised regarding the uniqueness and validity of decompo-
sitions (A. Quillen and T. Lauer, private communication).
First, if the nuclei are related to an eccentric disk, its light
distribution may be irregular and may not be parameter-
izable. So even if the decomposition may look acceptable,
the model will not be physically meaningful. Another ob-
jection is that the presence of the disk may perturb the
bulge enough kinematically to invalidate the assumption
that the bulge is smooth at the center. Therefore, extrap-
olating the bulge profile into the center based on outer
regions may be unreliable.
I argue that there is evidence that the bulge profile is
not disrupted much by the process of the double nucleus
formation: Often, kinematics can reveal subtle physical at-
tributes (e.g. kinematically decoupled core) that are not
obvious in the starlight. Published rotation curves and ve-
locity contours show that the nucleus has a regular solid
body rotation out to 0.′′5, which becomes Keplerian beyond
1′′ (KB99, BA01). The kinematic curves are otherwise fea-
tureless apart from the velocity dispersion peak being off-
set 0.′′2 from the UV peak away from P1. Therefore, either
the formation of the disk has not been sufficiently violent
to disarrange the nuclear dynamics, or the perturbations
have relaxed into the bulge. Hence I believe the bulge
can be parameterized by smooth functions down to small
physical scales. Furthermore, I believe that the degree to
which the double nucleus is parameterizable and regular
may yield insights into the eccentric disk and formation
model predictions on the morphology. Being a compli-
cated system, irregularities in the nuclei would likely show
up in the residuals because the functions I fit have a high
degree of symmetry. Recognizing, however, that inferences
about the morphology of the double nucleus is intimately
tied to the bulge, I will check how assumptions about the
bulge can affect the decomposition. As a prelude to dis-
cussions to come, I find that, throughout various trials
for the bulge, the sum of the parts for P1, P2, and the
bulge, result in fundamentally similar components, even if
individual sub-components may not be unique. For these
reasons I believe the decomposition to be valid and robust.
But ultimately, as with K95 I let the smoothness and the
pattern of the residuals be an empirical guide to what is a
reasonable solution.
4.3. Nuker Bulge
In their fit to a 1-D bulge profile, KB99 obtain the
Nuker parameters: µb = 17.55 ± 0.66, rb = 67.′′7 ± 62.′′1,
α = 1.08 ± 0.59, β = 1.51 ± 0.57, γ = 0.25 ± 0.25, based
on a fit to a region 5.′′5 ≤ r ≤ 300′′, excluding the dou-
ble nucleus. The large uncertainties are due to parameter
coupling in the Nuker profile. As initial parameters to my
fit of the bulge, I use the values from KB99 but allow them
to vary.
The best fit model I obtain, according to χ2, has a bulge
that is represented by a Nuker model, with an overall
χ2ν = 1.30. In all, six components are used, and they fit the
entire bulge region well, as shown in Figure 2. Figure 2b
shows the net residuals; Fig. 2c shows the model + resid-
ual for P1, and similarly for P2 in Fig. 2d. The images
shown in Fig. 2 are fits to deconvolution restored image
of L98, but the numbers presented in Table 1, including
χ2ν are from the unrestored image for reasons in § 3.2. In
comparison to KB99, my fits to the mosaic and dithered
PC images produce parameters very similar to that ob-
tained by KB99, to within their uncertainties: µb = 17.76,
rb = 66.
′′48, α = 1.10, β = 1.99, γ = 0.17. My central cusp
measurement, γ = 0.17, is slightly shallower than KB99,
γ = 0.25, in this more detailed fit to the double nucleus.
In this model, the centroid of the bulge component
is displaced from the UV peak, by (∆RA,∆DEC) =
(−0.′′06,−0.′′15), which is a direction away from the dust
patches in the bulge. Such a large shift is most likely due
to disturbance by dust around the nucleus; forcing the
bulge to be centered on the UV peak increases the χ2ν by
0.003. In light of the unknown effect by dust, this small
difference may not be statistically significant.
The residual error in Fig. 2b is 6% on average at the loca-
tion of the worst fit, which is comparable to the SBF. The
parameters obtained using the dithered and deconvolved
images agree very well to within the uncertainties. Figure
3 shows the residuals near the double nucleus divided by
the RMS image – the calculation of which was discussed
in § 3.2. The worst fit within the 1′′ circle is near P1 at
(−0.′′22, 0.′′04), where one pixel deviates by −3.7×RMS.
Indeed, even though the fit is overall quite good, there
are differences between the model and the data. In Fig-
ure 4, I show the model image by summing P2 (without
the UV peak) and the two components of P1, together
making up the eccentric disk. The contour spacing is 0.1
magnitude and the circle at (0′′,0′′) marks the location of
the UV peak. Comparing Fig. 4 and Fig. 1 shows that
although the asymmetry of P1 is well modeled, P1 in the
data is slightly rounder than the model, causing an over-
subtraction near (−0.′′22, 0.′′04). Simultaneously fitting a
77th component to the image does reduce the ellipticity of
P1 somewhat, and reduces the χ2ν by 0.02. However, as the
superficial improvement does not affect the results below,
I choose to present a simpler model using 6 components.
The major axis orientation of the eccentric disk shown
in Fig. 4 is at PA=59.25◦. Assuming the disk is thin and
circular at outer isophotes, its inclination is 50 ± 1◦ to
our line of sight. The sum of the fluxes from P1+P2 is
mv = 13.12 ± 0.06, or Mv = −11.55 after correcting for
galactic extinction and distance. The mass of P1+P2 is
MP1+P2 = 2.1× 107M⊙. In isolation, P1 has a brightness
of mv = 13.65 mag.
Figure 5 shows the radial surface brightness profile of
the components resulting from the decomposition (shifted
to a common center), as well as shape parameters from
isophote fitting the entire WFPC2 mosaic V-band image.
In that figure, I represent the individual components used
in the fit as dashed lines. Because P1 is asymmetric, I
only show the brighter of the two sub-component, P1a.
The UV peak is not plotted. The solid data points shown
with errorbars are the intrinsic profile of the bulge in the
absence of the double nucleus. Exterior to 5′′, those points
are measured from isophote fits to the raw image, but inte-
rior, they have to be extrapolated from the analytic model
fits because of the double nucleus. To do so, I create an
image of the bulge by summing the Nuker and spherical
bulge components, then fit it with isophotes. For com-
pleteness, I also show the shape parameters of the bulge
out to 100′′; the cos 4θ panel is a measure of the diski-
ness (> 0) and boxiness (< 0) of a given isophote. The
bulge is only slightly boxy, evidenced in cos4θ and from
2-D fits (c = 0.05). The presence of the spherical bulge
component is manifest in the dip in the ellipticity profile
at r = 2′′. Although the bulge profile in general appears
to be smooth with a gentle curvature farther out, with no
apparent breaks (see KB99), in the decomposition, there
appears to be a break at a radius of 1.′′91. This kind of
behavior is sometimes seen in large bulges or spheroidal
systems (e.g. Lauer et al. 1995, Peng et al. 2002). I plot
a 1-D Nuker function having the parameters shown in the
figure to guide the eye; it is not strictly a fit that mini-
mizes the χ2. I will discuss this break in more detail in
§ 5.
For the remainder of this sub-section, I test the extent
to which P1 and P2 are affected by details of the bulge
decomposition. To put a limit on the central cusp of the
bulge I remove the UV peak model and instead fit the
bulge to that location and allow all the parameters to re-
optimize. The profile of the UV peak differs significantly
from that of the bulge, and the χ2ν increases by ∼ 0.01 to
1.31, with γ = 0.19.
In this model, the bulge component is centered on the
UV peak. However, P2 remains significantly off-centered
from the UV peak by (∆RA,∆DEC) = (−0.′′24,−0.′′15). I
test to see if this is real or is caused by fitting degeneracy
by forcing P2 to the UV peak position. I refit both the de-
convolved image of L98 and my own dithered image. Both
fits produce residuals much worse than the asymmetric
models. In particular, in the unrestored image the region
in between P1 and P2 is significantly over-subtracted.
To constrain the luminosities of P1 and P2, hence the
eccentric disk itself, I increase the nuclear slope parameter
γ from the best fit value. If γ is forced up to 0.40, the fit
significantly oversubtracts the bulge, which can be safely
ruled out. This fit puts a lower limit on the brightness of
P1 to be 0.15 mag, and P2 to be 0.4 mag, fainter than the
optimal fit.
In their decomposition, K95 find that P1 has a bright-
ness of mv = 14.8, and in L93, they find 14.5. My num-
bers are significantly brighter than both by about 0.9 to
1.2 magnitude. The differences may be in my assumptions
about the true shape of P1 and P2, as well as the relative
contribution of the bulge. L93 assume that both P1 and
P2 are individually symmetric and concentric, with the
bulge centered on P2. Part of the remaining differences
might also be in the criteria of smoothness. My criterion
is formally more strict than theirs. L98 also find the blue
UV peak to have mv = 18.7 ± 0.3, in good agreement to
my finding of mv = 19.07± 0.52, which is represented by
a Se´rsic profile. Both the large uncertainty and the large
boxiness, c = 0.67± 0.02, are caused by the SBF.
4.4. Se´rsic Bulge
To test how different assumptions about the galaxy
bulge can affect the decomposition of P1 and P2, I redo the
above fit by replacing the Nuker bulge component with a
Se´rsic model. Figure 6 shows the surface brightness profile
and shape parameter plots similar to Figure 5. The most
prominent difference between the two is the extent of the
bulge profile slope inner to a radius of ≈ 2′′. In terms of
χ2ν , this fit is degenerate with that presented in Figure 5.
Another notable difference between this decomposition
and the previous is the strength of the spherical bulge
component, which now has a brightness of mv = 13.51.
Although this component is somewhat fainter than the
previous fit (mv = 12.76), it is still a significant compo-
nent in the bulge relative to P1 and P2.
In this realization, the light from the two components
P1 and P2 adds up to mv = 13.06, which is nearly identi-
cal to the nominal fit with a Nuker bulge above. P1 has a
magnitude mv = 13.66, again, nearly identical to before.
This decomposition illustrates the main point of these dif-
ferent exercises – that throughout various trials, although
the sub-components of P1 or P2, and even the bulge con-
tribution, may not be unique, their summed flux values
and shapes are insensitive to model assumptions and ini-
tial parameter values. In the discussions below, I formally
adopt the parameters from the Nuker bulge decomposition
because it gives a slightly better fit statistically, and is a
more general fit to the bulge, whereas the Se´rsic profile
has, by definition, a flat core.
4.5. The Spherical Bulge Component
In the previous two sub-sections, I preluded the presence
of an underlying spherical component embedded inside a
much larger bulge, and is distinct from the double nucleus.
With the bulge accurately removed, this extra component
has an axis ratio q = 0.97±0.02, an effective radius of 12 pc
(3.′′2), and close to an exponential disk profile. In compar-
ison, the bulge has an axis ratio of q = 0.81 ± 0.01. The
spherical component half light radius is roughly 5 times
the separation of the double nucleus, moreover, contains
16% of the flux within 2′′ (Table 1). It is essential for a
good fit, both qualitatively and quantitatively, as shown
8throughout various trials above.
The spherical bulge component is not likely to be caused
by dust in the bulge. Figure 7 shows a bulge subtracted
residual map of the entire WFPC2 mosaic in the V-band.
Superimposed on the residual map are contours from the
image prior to subtraction. The compass arrows show the
major axis orientation of the large-scale galactic disk and
bulge. Apparently, the bulge isophotes are elliptical well
into the central few arcseconds, where there is little sign
of dust. In fact, Figure 8 shows a V − I color map of the
WFPC2 FOV, revealing strong color differences in areas
affected by dust. Remarkably, within 10′′ of the center,
the presence of dust actually diminishes. Rather than due
to dust, the existence of the spherical component most
likely results from a small but significant departure from
the Nuker profile and shape of the bulge.
Quillen, Bower, & Stritzinger (2000), using HST NIC-
MOS images, discover that many galaxies, especially lu-
minous core-types with boxy isophotes, have rounder
isophotes at small radii. Peng et al. (2002) also show
that a spherical component can be accurately extracted
from the centers of some other galaxies. There are two
theoretical models that predict the decrease in elliptic-
ity and boxiness. One involves the mixing of stochastic
orbits by the presence and growth of the central SBH
(Norman, May, & van Albada 1985; Gerhard & Binney
1985; and Merritt & Valuri 1996), which steepens the cen-
tral cusp. The other involves a dissipationless merging
of binary black holes that scatter stars from the center
(Milosavljevic & Merritt 2001), thereby flattening the nu-
clear cusp, with a break radius that can extend well be-
yond the sphere of influence of the SBH. In Milosavlje-
vic & Merritt (2001) model, binary black holes of similar
mass can eject stars amounting to the combined mass of
the black holes. Consequently, these randomized stellar
orbits, after redistributing in phase space, could conceiv-
ably have produced a spherical bulge component, whose
mass would then be roughly that of the coalesced black
holes. The discovery of the spherical component, in addi-
tion to the shallowness of the bulge cusp, suggest that the
binary merger scenario is a more natural explanation for
the bulge formation. Furthermore, the mass of the spher-
ical component inferred from its luminosity of mv = 12.76
is 2.8×107M⊙ – a mass surprisingly similar to the SBH of
3× 107M⊙. It remains to be seen whether this agreement
is a mere coincidence, or a confirmation that the bulge had
been scoured by merging binary black holes.
If the spherical bulge component resulted from a binary
black hole merger scenario, then the eccentric disk was
formed more recently than the bulge. The mixing of stel-
lar orbits after a binary SBH merger would have erased
any organized sub-structure that previously resided at the
nucleus. This hypothesis is consistent with the finding
of SBV98, who discover that the nuclear stars are signifi-
cantly younger than stars in the bulge.
5. large scale bulge properties
5.1. Bulge Parameters and Correlations
KB99 show a 1-D profile of the bulge, assembled piece-
wise from several studies, out to 6300′′. Their plot shows
that the bulge has a gentle curvature which has no mean-
ingful break radius. On the other hand, in my representa-
tions of Figures 5 and 6, the bulge appears to have a triple
power law with a distinct break in the bulge profile near
2′′ which has not been seen before because of the compli-
cations caused by the double nucleus below r = 5′′. From
§ 4.3, I obtain 2-D Nuker parameters that are very similar
to those obtained by KB99, which is seen as a dashed line
in Figure 5, and which indeed does have a large break ra-
dius. However, including the spherical bulge reveals there
to be a significant break at r ≈ 2′′. Whereas before, in-
ferring from the Nuker fit alone, M31 bulge falls outside
of the correlation between rb with galaxy luminosity and
µb found by Faber et al. (1997), my bulge decomposition
shows that the correlation now holds very well. My new
estimates on the luminosity density (j), slope (γ), and the
corresponding mass density (ρ), and slope (ψ) values are
listed in Table 2. They, too, now fall within correlations
with galaxy luminosity shown in Faber et al. (1997).
5.2. Spiral Dust Structure and Color Gradient
The decomposition of the mosaic V -band image (Figure
7) shows a beautiful dust lane that runs from the lower-
left of the image towards, but stopping near, the center
of the nucleus, and reappearing on the other side. This
feature has previously been noted in ground based studies
of Wirth, Smarr, & Bruno (1985) and SBV98. In SBV98,
the spiral dust arms extend out to roughly 30′′ on both
sides of the nucleus.
The color map of Figure 8 reveals a significant gradi-
ent between the nucleus and the bulge further out, toward
the South. It also highlights the winding dust lanes to-
wards the nucleus. However, it is curious that despite the
extensive structure, the dust arms appear to stop within
10′′-15′′ of the center. This will be discussed further in § 7.
The color difference between the nucleus and its immediate
surrounding noted by L98 and BA01 is evident.
6. formation of eccentric disk by natural m = 1
mode vs. disruption
The mass of P1+P2 is instrumental for deciding between
competing models that form the double nucleus, in par-
ticular between the natural m = 1 models (BA01 and
SS01), and the star cluster disruption model of BE00. All
three produce an eccentric disk as proposed by Tremaine,
and broadly satisfy key dynamical and morphological con-
straints. In BE00 model, the key requirement is that the
globular cluster gets completely disrupted and scattered
into a thick disk by the SBH. A massive cluster with strong
self-gravity must approach the black hole at a low impact
parameter, which translates into a disk with high ellip-
ticity and a short life time. To satisfy the morphological
and dynamical constraints, the cluster size is limited to
. 3 × 106M⊙. On the other hand, the BA01 and SS01
models can be considerably more massive, in the range
0.7-2.1× 107M⊙.
My nominal integrated brightness for P1+P2 is mv =
13.12± 0.06 which translates to a mass 2.1 × 107M⊙. In
comparison to globular clusters in M31 (Barmby, Huchra,
& Brodie 2001), P1 alone (mv = 13.65,M = 1.2×107M⊙)
would at least be in the 90 percentile of the most luminous
globular clusters. Table 1 lists two sets of masses for aper-
tures r = 1′′ and r = 2′′ centered on the UV peak, for all
the components. I find that within r = 1′′ of the UV peak,
9the masses of the components are Mbulge = 8.3× 106M⊙,
MP1 = 7.4× 106M⊙, and MP2 = 5.0× 106M⊙. The sum
P1+P2 is comparable to the black hole mass of 3×107M⊙.
For convenience, I also provide masses within 2′′ aperture
of the UV peak in Table 1.
The total mass of P1+P2 determined here is about an
order of magnitude too high for the globular cluster disrup-
tion scenario to work. I note that P1 alone has sufficient
mass to rule out this scenario, if P2 is at least in part
considered as the bulge. The eccentric disk masses deter-
mined by L93 and K95 can rule out the globular cluster
disruption scenario, as well. BA01 also conclude the disk
is massive, 1.7×107M⊙, based on modeling the bulge with
multiple Gaussians. My mass determination for the eccen-
tric disk, being higher than the first two studies, provides
additional buffer to rule out reasonable uncertainties in
the M/L ratio by factors of a few. On the other hand,
my P1+P2 flux is somewhat fainter (by 0.57 mag) than
the measurement of mv = 12.55 by KB99. All estimates
of the disk mass are that it is massive, while Section 4
has shown that the uncertainty due to the bulge decom-
position amounts to about 6%. Therefore, the formation
model favored is that of BA01 or SS01. In their models,
an initial circular disk of stars was formed in the bulge,
but became more eccentric after a brief encounter with a
giant molecular gas cloud or a globular cluster, which need
not be disrupted.
The discovery of a spherical bulge component confirms
that the bulge potential is spherical around the double
nucleus, which might be important for sustaining a thin
eccentric disk. In a triaxial potential, an uniformly pre-
cessing eccentric disk, held together by self-gravity, is sub-
ject to tidal torque exerted by the bulge, which can cause
misalignments in the orbital configuration, or cause the
orbits to diffuse into the bulge through phase mixing.
7. discussion and conclusion
I decompose M31 with GALFIT to accurately extract
the double nucleus. The large scale bulge is made up of
two components: a small, spherical structure, embedded
at the center of a large, and moderately elliptical compo-
nent. I then use the decomposition to study the structural
parameters of the bulge, finding that the break radius,
rb, correlates with other galaxy parameters that are found
in Faber et al. (1997) for a large sample of early-type
galaxies. The spherical component extracted has a mass
of 2.8× 107M⊙, which is surprisingly similar to the mass
of M31’s supermassive black hole. It remains to be seen
whether this is the result of binary black hole mergers, as
predicted by Milosavljevic & Merritt (2001) N-body sim-
ulations, or a mere coincidence.
The inferred mass of P1 and P2 combined is comparable
to the black hole mass, and the bulge mass contained in a
small region out to the radius of 1′′ from UV peak, with
relative masses M• : Mbulge : P1 : P2 = 4.3 : 1.2 : 1 : 0.7.
The inferred mass of P1+P2 is insensitive to the bulge
parameters, as others (e.g. BA01) had also found. Cou-
pled with the large impact parameter suggested by the
disk, it seems a cluster that resulted in the eccentric disk
of P1+P2 (M ≈ 2.1 × 107M⊙) could not have been dis-
rupted enough by the black hole (M• ≈ 3 × 107M⊙) to
form an eccentric disk around it. In such a scenario, the
progenitor of P1+P2 would have to be still larger than my
mass estimate.
The large mass of the disk is consistent with a scenario
in which a stellar disk was formed in the nucleus, then be-
came more eccentric after an m = 1 perturbation, by, for
example, passing giant molecular clouds or globular clus-
ters (BA01). Another possibility is that an approaching
globular cluster of mass. 106M⊙ might have come within,
and was shredded by, the SBH, then was integrated into
the pre-existing disk (SS01). Despite how well the current
N-body simulations reproduce the kinematics and mor-
phologies, given that all the components within 2′′ of the
bulge are comparable in mass, a perturbation that would
excite the m = 1 mode in the disk might also perturb
the bulge. Thus it is unclear whether their mutual tidal
interactions need to be further considered in N-body sim-
ulations, or might a smooth bulge potential suffice.
The N-body simulations, coupled with a hypothetical
shroud of dust at the nucleus, might explain both the ec-
centric disk geometry as well as the slight color difference
between the bulge and the nucleus. However, it can not be
the whole story: KB99 show that P1 and P2 have metal
line strengths stronger than any globular cluster, hence
they are unlikely to be the digested remnant of a globular
cluster or an elliptical galaxy. A more complete picture
also needs to account for the differing bulge and nuclear
stellar ages inferred by SBV98. One viable scenario as sug-
gested by L98 is that the disk formation was a separate
event that occurred well after the formation of the bulge.
This may be the case because the bulge formation event
would have disrupted any pre-existing sub-structure at the
center. To grow a disk to 2.1× 107M⊙, one scenario is by
the disruption of several globular clusters. However, this
possibility is remote because angular momentum conser-
vation and scattering by the SBH would tend to produce
a more spheroidal geometry. A more likely explanation,
in private communication with L. C. Ho, is that a signif-
icant amount of gas and dust roughly 2.1 × 107M⊙ had
accreted into the center. Indeed, extended dust structures
in Figures 7 and 8, as well as SBV98, strongly suggest it
was a possibility. Through gravitational settling, a circu-
lar gas+dust disk enriched with reprocessed material could
have grown steadily, out of which young stars would then
form. This might explain the metallicity enhancement and
the younger stellar population in the nucleus compared to
the bulge. The disk might have subsequently experienced
a kick from a passing GMC or a globular cluster that in-
creased the eccentricity.
However, it is unclear at the moment how long ago or
how such a massive 2.1 × 107M⊙ disk could have settled
into the center. Assuming that the accretion occurred in
the form of gas, the rate is limited by the near absence
of non-thermal AGN activity at the M31 nucleus. Per-
haps a significant amount of wind from star formation near
the center might quench the AGN activity by blowing fuel
away from the central engine (C. D. Impey, private com-
munication). The accretion + wind scenario is attractive
for explaining the possible presence of a UV star cluster
at the center, and for the absence of dust lanes in the im-
mediate vicinity of the double nucleus, despite there being
a large and extended dust structure mere 20′′ away (Figs.
7 and 8).
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Table 1
Two Dimensional Image Fitting Parameters
Trial Func. ∆α ∆δ f/ftot f/ftot mv, µv rb,e α, n β γ a/b PA c χ
2
ν Comments
mv(r ≤ 1′′ & 2′′) (′′) (′′) r≤ 1′′ r≤ 2′′ (mag) (′′) (deg)
Mass(r ≤ 1′′ & 2′′)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)
Solution 1: Se´rsic ≡ 0. ≡ 0. 0.004 0.002 19.07 0.08 0.42 0.63 70.4 0.67 1.30 UV peak
Nuker bulge Se´rsic −0.24 −0.15 0.24 0.15 14.17 0.87 0.98 0.66 54.3 0.05 P2
Se´rsic 0.31 0.42 0.26 0.16 13.88 1.00 1.31 0.62 64.8 −0.24 P1a
13.10, 12.20 mag Se´rsic 0.49 0.37 0.08 0.05 15.46 0.37 0.69 0.92 −46.8 0.57 P1b
Se´rsic 0.13 −0.06 0.11 0.16 12.76 3.21 0.83 0.97 56.0 0.14 Spherical bulge
2.07× 107M⊙, Nuker −0.06 −0.15 0.29 0.45 17.76 66.48 1.10 1.99 0.17 0.81 50.1 0.05 Bulge
4.75× 107M⊙ Offset 0.01 0.01 20.4 mag/arcsec2
Solution 2: Se´rsic ≡ 0. ≡ 0. 0.005 0.002 18.86 0.09 0.41 0.67 60.7 1.99 1.30 UV peak
Se´rsic bulge Se´rsic −0.22 −0.14 0.27 0.18 13.98 0.90 1.00 0.69 55.6 0.01 P2
Se´rsic 0.33 0.43 0.28 0.20 13.83 0.90 1.20 0.66 64.9 −0.26 P1a
13.10, 12.20 mag Se´rsic 0.51 0.38 0.07 0.04 15.77 0.36 0.68 0.88 −44.7 0.83 P1b
Se´rsic 0.00 0.16 0.08 0.11 13.51 2.40 0.44 0.96 56.6 0.08 Spherical bulge
2.07× 107M⊙, Se´rsic 0.10 −0.17 0.29 0.47 4.97 214.71 2.00 0.81 52.0 0.06 Bulge
4.75× 107M⊙ Offset 0.01 0.01 20.4 mag/arcsec2
Uncertainties 0.02 0.02 0.2 2% 0.03 0.02 0.02 0.03 2 0.02
Note. — Col. (1): Fitting trials for Nuker or Se´rsic bulge type, apparent visual magnitude within an aperture 1′′ and 2′′ radius centered on the UV
peak, and the corresponding inferred luminous mass based on M/L = 5.7. Col. (2): Galaxy components used in the fit. Col. (3): RA offset. Col. (4):
DEC offset. Col. (5): The fraction of component flux with respect to the total integrated flux (Col. 1), all within a r = 1′′ aperture centered on the UV
peak. Col. (6): Same as Col. 5, but with r = 2′′ aperture. Col. (7): For Nuker, it is the surface brightness at the breaking radius. For the Se´rsic profile
it is the total brightness. For the offset component (which represents an exponential disk) it is the surface brightness magnitude. The magnitudes are not
corrected for galactic extinction. Col. (8): rb is the breaking radius for the Nuker power law, re is the effective radius of the Se´rsic law. Both have units
in arcseconds. Col. (9): For Nuker, α parameterizes the sharpness of the break. For Se´rsic, n is the Se´rsic exponent 1/n. Col. (10): Nuker asymptotic
outer power law slope. Col. (11): Nuker asymptotic inner power law slope. Col. (12): Axis ratio. Col. (13): Position Angle. Col. (14): Diskiness
(negative)/boxiness (positive) parameter. Col. (15): Reduced χ2 of the fit. Col. (16): Comments: P1a and P1b add to form a single component P1. The
last row shows the “representative” uncertainties for the ensemble of profiles. Individual uncertainties are quoted in the text where appropriate.
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Fig. 1.— A deconvolved (L98) grey scale image of the M31 double nucleus in the V (F555W ) band. The intensity stretch is logarithmic,
and the contour interval is 0.2 mag.
13
Fig. 2.— Decomposition of M 31.(a) bulge + nucleus. (b) residuals from 2-D GALFIT are shown in positive grey scale. (c) P1 component.
(d) P2 component. The contour intervals are arbitrary.
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Fig. 3.— Image of the fit residuals divided by the local RMS, with intensity scale shown to the right. The calculation of the RMS image
is discussed in § S3.2. The large circle has a radius of 0.′′5 centered on the UV peak (small central circle). The other two circles at (−0.′′51,
−0.′′02) and (0.′′28, 0.′′1) represent the position of P1 (left) and P2 (right), respectively. The image orientation is the same as Figs. 1 and 2.
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Table 2
Nuclear Luminosity/Mass Density Parameters
Bulge Type 〈γ〉 〈γ〉 log〈j〉 log〈j〉 log〈ρ〉 log〈ρ〉 〈ψ〉 〈ψ〉
(r < 0.′′1) (r < 10pc) (r < 0.′′1) (r < 10pc) (r < 0.′′1) (r < 10pc) (r < 0.′′1) (r < 10pc)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Nuker 0.14 0.15 3.97 2.65 4.73 3.41 1.16 1.12
Se´rsic 0.01 0.03 3.33 2.59 4.09 3.35 0.51 0.51
Note. — Col. (1): The bulge is defined as the sum of two components described in the text: the spherical +
Nuker, or spherical + Se´rsic. Col. (2 and 3): The average logarithmic power law slope of the bulge surface brightness
(〈dlogI/dlog r〉) within r < 0.′′1 and 10pc. Col. (4 and 5): The logarithmic average luminosity density j integrated
within r < 0.′′1 and 10pc, in units of [L⊙/pc
3]. Col. (6 and 7): The logarithmic mass density ρ inferred from Col.
4 and 5, in units of [M⊙/pc
3], based on M/L = 5.7. Col. (8 and 9): The average mass density power law slope ψ
(〈dlogρ/dlog r〉), analogous to 〈γ〉.
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Fig. 4.— Model of the eccentric disk, P1 and P2. The position of the UV peak is marked by a circle at the center. The contour interval is
0.1 magnitude.
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Fig. 5.— Isophote fits to the WFPC2 mosaic image. The surface brightness profile panel shows the “intrinsic” bulge profile as data points.
Inner to 5′′, marked by vertical dotted lines, the double nucleus begins to dominate, so we replace that region by a sum of the fitted Nuker
+ spherical bulge components (see text). The profile of the individual components used in the fit are shown in dashed lines. The solid line
running through the data points is a 1-D Nuker function with parameters embedded in the figure. In the right-hand panels, PA is the position
angle, ǫ is the ellipticity, and cos4θ is the diskiness (> 0) and boxiness parameter (< 0).
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Fig. 6.— Isophote fits to the WFPC2 mosaic image. The surface brightness profile panel shows the “intrinsic” bulge profile as data points.
Inner to 5′′, marked by vertical dotted lines, the double nucleus begins to dominate, so we replace that region by a sum of the fitted Se´rsic
+ spherical bulge components (see text). The profile of the individual components used in the fit are shown in dashed lines. The solid line
running through the data points is a 1-D Nuker function with parameters embedded in the figure. In the right-hand panels, PA is the position
angle, ǫ is the ellipticity, and cos4θ is the diskiness (> 0) and boxiness parameter (< 0).
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Fig. 7.— A residual image with the bulge and nucleus subtracted, showing a dust lane that runs clear through the center. The isophotes
superposed are from the same image before subtraction, and have logarithmic spacing. The compass shows the orientation of the image with
respect to the sky, as well as the major axis orientation of the M31 galactic disk and large scale bulge.
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Fig. 8.— A (V − I) color map showing color gradient of the bulge. The arrowheads mark the location of the double nucleus. The image
has been smoothed over by a Gaussian kernel of σ = 2 pixels.
